How precipitation and its extremes change as the climate changes are examined. There is a direct influence of global warming on changes in precipitation. Increased heating leads to greater evaporation and thus surface drying, thereby increasing intensity and duration of drought.
INTRODUCTION 61
Heated by the sun's radiation, the ocean and land surface evaporate water which then moves around with winds in the atmosphere, condenses to form clouds, and falls back to the Earth's surface as rain or snow, only for some to flow to oceans via rivers, thereby completing the global hydrological (water) cycle.
Precipitation varies from year to year and over decades, and changes in amount, intensity, frequency and type (e.g., snow vs rain) affect the environment and society. Steady moderate rains soak into the soil and benefit plants, while the same rainfall amounts in a short period of time may cause local flooding and runoff, leaving soils much drier at the end of the day (Fig. 1 ).
Snow may remain on the ground for some months before it melts and runs off. Even with identical amounts, the climate can be very different if the frequency and intensity of precipitation differ, as illustrated in Fig. 1 , and in general the climate is changing from being more like that at station A to that at station B. These examples highlight the fact that the characteristics of There is a very strong relationship between total column water vapor (TCWV, also known as precipitable water) and sea surface temperatures (SSTs) over the oceans in both the overall patterns and their variations over time (e.g., Fig. 2 for January and July). The Clausius-Clapeyron (C-C) equation describes the water-holding capacity of the atmosphere as a function of temperature, and typical values are about 7% change for 1°C change in temperature.
For SST changes, the TCWV varies with slightly larger values owing to the increase in atmospheric temperature perturbations with height, especially in the tropics. Accordingly, the largest average TCWV values occur over the tropical Pacific Warm Pool where highest largescale values of SSTs typically reside. The annual mean and January and July values are given in Table 1 for the global, ocean and land domains. Global surface air temperatures are higher in northern hemisphere summers and this is reflected in much higher TCWV over land.
The observed TCWV and precipitation mean annual cycles also show very strong relationships in the tropics and subtropics, but not in the extratropics (Fig. 2) . Atmospheric convergence at low levels tends to occur in close association with the highest SSTs although the factors extend beyond the SST values alone to include the gradients in SSTs, which are reflected in surface pressure gradients and thus in the winds. Accordingly, in the tropics, the precipitation patterns tend to mimic the patterns of TCWV and thus SSTs, but with much more structure and sharper edges, as overturning circulations, such as those associated with the Hadley Cell and monsoons, develop and create strong areas of subsidence that dry out the troposphere above the boundary layer.
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The mean TCWV falls off at higher latitudes in both hemispheres, along with the SSTs, but precipitation has a secondary maximum over the oceans associated with the mid-latitude storm tracks. In January these are strongly evident over the North Pacific and Atlantic Oceans, and to a lesser extent throughout the southern oceans. The southern ocean storm tracks are strongest in the transition seasons and broadest in the southern winter, while the northern ocean storm tracks become weaker in the northern summer. The absence of relationships between mean TCWV and precipitation in the extratropics highlights the very transient nature of precipitation events, associated with extratropical cyclones, while in the tropics there is a much stronger mean-flow component associated with monsoons and the Hadley circulation.
Difficulties in the measurement of precipitation remain an area of concern in quantifying the extent to which global and regional scale precipitation has changed. In situ measurements are especially impacted by wind effects on the gauge catch, especially for snow and light rain (Adam & Lettenmaier 2003) , and few measurements exist in areas of steep and complex topography (Adam et al. 2006) . For remotely-sensed measurements (radar and space-based), the greatest problems are that only measurements of instantaneous rate can be made and there are uncertainties in algorithms for converting radiometric measurements (radar, microwave, infrared) into precipitation rates at the surface (e.g., Krajewski et al. 2010) . To gain confidence in observations, it is useful to examine the consistency of changes in a variety of complementary moisture variables, including both remotely-sensed and gauge-measured precipitation, drought, evaporation, atmospheric moisture, soil moisture and stream flow, although uncertainties exist with all of these variables as well (Huntington 2006) .
b. Changes in water vapor 142
As the climate warms, water holding capacity increases with higher temperatures from the C-C relationship, and hence it is natural to expect increases in water vapor amounts because relative humidity is more likely to remain about the same. Changes in TCWV and humidity are evident in observations. At the surface, there are clear indications of increases in specific humidity (Dai 2006a; Willett et al. 2008) . Over oceans, the increases are consistent with C-C expectations with a constant relative humidity while values are somewhat less over land, especially where water availability is limited. In the troposphere largest fluctuations in TCWV occur with El Niño-Southern Oscillation (ENSO) events , although a sharp drop is evident following the Mount Pinatubo eruption (Durre et al. 2009 ). TCWV has also increased at rates consistent with C-C for 1987 to 2004 (1.3%/decade) (Trenberth et al. , 2007a , and the relationship with changes in SSTs is sufficiently strong that it is possible to deduce an increase of about 4% in TCWV over the oceans since the 1970s. Over Northern The observed increases in water vapor affect both the greenhouse effect, and thus provide a positive feedback to climate change, and the hydrological cycle, by providing more atmospheric moisture for all storms to feed upon. Accordingly, it has ramifications for precipitation.
c. Changes in precipitation 164
A comprehensive summary of observed changes in precipitation is given in the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment (AR4) (Trenberth et al. 2007a) , and the reader is referred there for the extensive bibliography. Schlosser & Houser (2007) and Wentz et al. (2007) provided recent estimates of precipitation and their trends.
However, the precipitation and evaporation estimates of Schlosser & Houser (2007) are out of balance and reveal likely spurious changes over time associated with changes in satellites. Gu et al. (2007) documented global and tropical rainfall changes using the Global Precipitation Climatology Project (GPCP) and found near zero global changes but with large variability and changes over land that are largely compensated for by opposite changes over the oceans. This is especially the case for El Niño events (Fig. 3) . This is in marked contrast to the findings of Wentz et al. (2007) who found a significant upward trend from 1987 to 2006, but their results depend critically on the time period and also the dataset used. Fig. 3 also reveals an upward trend over the Wentz period but it is not robust as it does not standup to addition of data at either end. New observations suggest that the GPCP values may be an underestimate because they may not adequately capture low level warm rain in the extratropics, and the high extremes could be underestimated as well. Trenberth et al. (2007b ) assessed the evidence and increased the GPCP estimate by 5% over the ocean to better satisfy energy budget constraints, so that the latent heat released by precipitation was assigned a value of 80 W m -2 . The main variations in the global mean precipitation occur in the tropics (Fig. 3) , where TCWV is largest, in association with ENSO events. However, even though the regional variations of precipitation with ENSO are huge (cf Trenberth & Caron 2000) , the zonal and global means are much more muted owing to cancellation between dipole structures, although ENSO accounts for the main land-sea variations (Gu et al. 2007 ). Higher salinities in low latitudes and freshening at high latitudes of both hemispheres are evident.
Another perspective on total land precipitation comes from examining precipitation in conjunction with river discharge into the oceans (Dai et al. 2009 ) for 1948 to 2005 This reinforces the other analyses mentioned above. The results alter conclusions published earlier (Gedney et al. 2006) as there is large sensitivity to how missing data are treated. Results revealed large variations in continental discharge at interannual to decadal time scale correlated with ENSO for the discharge into the Pacific, Atlantic, Indian, and global oceans as a whole (but not with discharges into the Arctic Ocean and the Mediterranean and Black Seas). For most ocean basins and the global oceans as a whole, the discharge data show downward trends, and precipitation changes are found to be the main cause. For the Arctic drainage areas, upward trends in streamflow are not accompanied by increasing precipitation, especially over the Siberia, and decreasing trends in snow cover and soil ice water content over the northern high-latitudes may contribute to the runoff increases in these regions. The global land values after 1950 (Fig. 5) show a slight decrease overall for this time period, but with a singular drop in 1992 in both streamflow and precipitation that is well outside the realm of all other variations and is associated with the Mount Pinatubo eruption in 1991 . The abrupt drop in incoming net radiation from the sun led to a brief cooling of land and then the ocean that firstly caused a shift in precipitation away from land and then decreased the global evaporation, TCWV (Durre et al. 2009) , and global precipitation.
Drought has also generally increased throughout the 20 th century , Trenberth et al. 2007a as measured by the Palmer Drought Severity Index (PDSI). show that very dry land areas across the globe (defined as areas with PDSI less than -3.0) have more than doubled in extent since the 1970s. Drought is generally more widespread in El Niño events, and became very widespread for a year or so after the Mount Pinatubo eruption. Increases in drought are associated with redistribution of precipitation and more rainfall over the ocean rather than land with the Pacific Decadal Oscillation, but also with increases in surface temperature and the associated increased atmospheric demand for moisture, that increases evapotranspiration.
The character of precipitation is also changing. In particular, increases in heavy rains are generally found to be occurring in most places, even when mean precipitation is not increasing (Peterson et al. 2002; Klein Tank & Können 2003; Groisman et al. 2004 Groisman et al. , 2005 Alexander et al. 2006; Klein Tank et al. 2006; Trenberth et al. 2007a; Groisman & Knight 2008) . Much of this increase occurred during the last three decades of the century. Although flooding has increased in some areas, and in association with tropical cyclones and hurricanes, land use change alters risk and flood mitigation projects are pervasive in reducing flood risks. Nevertheless, great floods have been found to be increasing in the twentieth century (Milly et al. 2002) . Karl & Trenberth (2003) and Allan & Soden (2008) Trenberth and Guillemot (1996) to play a role in 1988 drought and 1993 floods in North America. They showed that both the 1988 drought and 1993 flood developed as a result of a change in the large-scale atmospheric circulation in the Pacific and across North America that altered the storm tracks into North America.
In recent years precipitation changes have developed a distinctive pattern whereby higher latitudes have become wetter and the subtropics and much of the tropics have become drier. The exception is the monsoon trough in the tropics that denotes the wet season. This distinctive pattern of change is associated with some changes in atmospheric circulation (Trenberth et al. 2007a ); in particular, increases in the westerly winds in mid-latitudes associated with preferred patterns of behavior, sometimes called "modes". In the Northern Hemisphere, it is the Northern Annular Mode (NAM) and in the Southern Hemisphere it is the Southern Annular Mode (SAM).
The NAM is closely related to another phenomenon called the North Atlantic Oscillation (NAO) which is a more regional measure of westerly wind strength over the North Atlantic, mainly in winter. In the European sector, a more positive NAO in the 1990s led to wetter conditions in northern Europe and drier conditions over the Mediterranean and northern African regions (Hurrell et al. 2003) . The prolonged drought in the Sahel, which was pronounced from the late-1960s to the late1980s, continues although it is not quite as intense as it was; it has been linked, through changes in atmospheric circulation, to changes in tropical SST patterns in the Pacific, Indian and Atlantic basins (Giannini et al. 2003; Hoerling et al. 2006) . Drought has become widespread throughout much of Africa and more common in the tropics and subtropics.
PRECIPITATION PROCESSES
Precipitation is the general term for rainfall, snowfall, and other forms of frozen or liquid water falling from clouds. Precipitation is intermittent, and the character of the precipitation when it occurs depends greatly on temperature and the weather situation. The latter determines the storms and supply of moisture through winds and surface evaporation, and how it is gathered together to form clouds. Precipitation forms as water vapor is condensed, usually in rising air that expands and hence cools. The upward motion comes from air rising over mountains, warm air riding over cooler air (warm front), colder air pushing under warmer air (cold front), convection from local heating of the surface, and other weather and cloud systems. Precipitation is therefore also generally dependent on the presence of storms of one sort or another.
As air warms to be above the freezing point, the precipitation turns to rain. In winter, as temperatures drop below freezing point, the air becomes "freeze dried" and at very low temperatures, below -10C, snow tends to become very light with small flakes or even "diamond dust" like. It is only when temperatures are near freezing that huge amounts of snow fall, flakes can be large, and snow can bind together so that one can make snow-men (or snow-women). The same process is essential for creating precipitation. As air rises into regions of lower pressure, it expands and cools, and that cooling causes water vapor to condense and precipitation to form.
Consequently, changes in temperature through the C-C relationship provide a very fundamental constraint on precipitation amount and type through the water vapor content of the air.
On average, the frequency of precipitation over the global oceans is 10.9% (Stephens & Ellis 2008) , varying from values factors of 2 to 3 times higher at high latitudes to much lower in the subtropical regions. Over land, the average values are less and can be almost zero in deserts (see Dai 2001) . Because evaporation is a continuous process, the intermittency of precipitation means that typical rates of precipitation conditional upon when it falls are factors of 10 to 25 larger than for evaporation. For moderate or heavy falls, precipitation cannot come from TCWV or from evaporation, and has to come from moisture convergence by the storm-scale circulation . Accordingly, storms reach out to gather water vapor over regions that are 10 to 25 times as large as the precipitation area, or in linear dimensions, a radius of about 3 to 5 times the radius of the precipitation domain (Trenberth 1998 (Trenberth , 1999a Trenberth et al. 2003) . This rule of thumb appears to work quite well for storms ranging from thunderstorms, to extratropical cyclones, to tropical storms (e.g., Trenberth et al. 2007c ).
UNDERSTANDING PRECIPITATION CHANGES AND THE RELEVANT PROCESSES a. Processes involved in changes
The conceptual basis for changes in precipitation has been given by Trenberth (1998 Trenberth ( , 1999a , Allen & Ingram (2002) , Trenberth et al. (2003) , Chou & Neelin (2004) , Neelin et al. (2006) , and Stephens & Ellis (2008) . Issues relate to changes in location, type, amount, frequency, intensity and duration of precipitation, and especially changes in extremes. As climate varies or changes, several direct influences alter precipitation amount, intensity, frequency, and type.
The main predictable component of climate change in the future is that associated with human activities (IPCC 2007) . Mainly by burning fossil fuels humans are changing the composition of the atmosphere by adding carbon dioxide and visible particulates, called aerosols.
Other activities add methane and nitrous oxide which, along with carbon dioxide, are greenhouse gases (GHGs), so that they trap outgoing infrared radiation and warm the planet (IPCC 2007).
The effect is about 1% of the natural flow of energy through the climate system (Karl & Trenberth 2003) . Changes in radiative forcing associated with increasing greenhouse gases in the atmosphere produce increased heating at the surface. The actual amount of heating depends critically on various feedbacks, including water vapor feedback, ice-albedo feedback, and effects of changes in clouds (Karl & Trenberth 2003) . One consequence of increased heating from the consequence is increased evaporation of surface moisture (Yu & Weller 2007) , thereby changing the hydrological cycle, provided that adequate surface moisture is available (as it always is over the oceans and other wet surfaces).
The following is a summary of the important processes involved in changes underway, and these are discussed further below:
 The C-C effect is important over oceans (abundant moisture) and over land at mid to high latitudes in winter (Trenberth & Shea 2005) .
 The disparity between increased moisture from C-C and much smaller change in total precipitation amount ensures that there are changes in characteristics of precipitation to more intense and less frequent rains: the "it never rains but it pours" syndrome (Trenberth 1998; Trenberth et al. 2003) .
 In the absence of changes in winds, increases in evaporation and moisture mean that more moisture is transported from divergence regions (subtropics) to convergence zones in the tropics and into the storm tracks at higher latitudes so that wet areas get wetter, and dry areas drier, giving rise to the "rich get richer and the poor get poorer" syndrome (Chou & Neelin 2004 Neelin et al. 2006; Chou et al. 2009)  But there are increases in moist static energy and gross moist instability which enables stronger convection and more intense rains. The Hadley circulation becomes narrower and deeper (Richter & Xie 2008) .
 These also alter the static stability that result in an "upped ante" for precipitation to occur, resulting in decreases on edges of convergence zones as it takes more instability to trigger convection (Chou & Neelin 2004) . 
b. Energy constraints
A key to understanding changes in the hydrological cycle is the energy cycle. Evaporation requires energy which comes from the sun or downward longwave radiation. Subsequent precipitation releases latent heat that can affect atmospheric stability and has to be dispersed somehow. The increase in surface evaporation depends on the energy available, as discussed below, and the rate is much less than the 7% per degree C increase in water vapor from C-C, although Wentz et al. (2007) suggest that this may be underestimated in models. A consequence is that the characteristics of precipitation must change .
The Top-Of-Atmosphere (TOA) and surface net radiation are affected by changes in albedo which arise from ice-albedo feedbacks mostly in high latitudes, changes in cloud, and changes in aerosols and indirect effects on clouds. At high latitudes, changes in cloud often compensate for ice-albedo effects but more generally represent a positive feedback in models ). These processes affect the solar radiation at the surface and thus the energy available for sensible and latent heat fluxes.
Expectations for changes in overall precipitation amounts are complicated by aerosols (Stevens & Feingold 2009 ). Because particulate aerosols block the sun, surface heating is reduced.
Absorption of radiation by some, notably carbonaceous, aerosols directly heats the aerosol layer.
Otherwise the layer may have been heated by latent heat release following surface evaporation.
Hence these aerosols reduce the hydrological cycle. As aerosol influences tend to be regional, the net expected effect on precipitation over land is especially unclear. In areas where aerosol pollution masks the ground from direct sunlight, decreases in evaporation reduce the overall moisture supply to the atmosphere. The largest decrease recorded in global land precipitation followed in the year after the Mount Pinatubo volcanic eruption, owing to cooling from the aerosol deposited in the stratosphere ).
However, under increased GHGs, the solar TOA radiation does not change much and thus the outgoing longwave radiation has to equilibrate to produce the same value, and does so by having the radiation come from higher and colder regions of the atmosphere as the planet warms.
But increased GHGs produce a large increase in downwelling radiation, which is responsible for the increase in surface temperatures, and thus there is some compensation from a larger Plank Warming accelerates land-surface drying as heat goes into evaporation of moisture, and this increases the potential incidence and severity of droughts, which has been observed in many places worldwide . The moisture in the atmosphere then gets carried around by atmospheric winds to where storms are favored. Because weather systems reach out to gather in moisture over extensive regions (see section 3), observed increased amounts of water vapor lead to increased convergence of moisture and thus more intense precipitation and increased risk of heavy rain and snow events (Trenberth 1998 (Trenberth , 1999a Trenberth et al. 2003) . In fact the rate of increase in precipitation intensity can even exceed the rate of increase of moisture because the additional latent heat released invigorates the parent storm and further enhances convergence of moisture. However, as the total precipitation amount increases at a much lower rate, the frequency or duration must decrease. Basic theory, climate model simulations, and empirical evidence all confirm that warmer climates, owing to increased water vapor, lead to more intense precipitation events even when the total annual precipitation is reduced slightly, and with prospects for even stronger events when the overall precipitation amounts increase Allan & Soden 2008) . Hence even as the potential for heavier precipitation occurs from increased water vapor amounts, the duration and frequency of events may be curtailed, as it takes longer to recharge the atmosphere with water vapor. A warmer climate therefore increases risks of both drought  where it is not raining  and floods  where it is  but at different times and/or places. In addition, as heat is transported upwards during precipitation, with more moisture there is greater latent heat released and thus less need for the overall circulation to be as vigorous Vecchi et al. 2006 ). An implication is that large scale overturning circulations, such as the Hadley and Walker cells, are apt to weaken.
Other changes occur as the patterns of where storms form and tracks change, and thus the global atmospheric circulation plays a key role as well in the distribution of precipitation (Trenberth 1998 (Trenberth , 1999a Vecchi et al. 2006; IPCC 2007) . The distribution and timing of floods and droughts is most profoundly affected by the cycle of El Niño events, particularly in the tropics and over much of the mid-latitudes of Pacific-rim countries. Even subtle changes in SSTs in the tropics can profoundly affect regional tropical precipitation.
Energy and water constraints on tropical storms are reviewed by Trenberth and Fasullo (2007b) along with implications for global (Trenberth et al. 2007c) and Atlantic (Trenberth and Fasullo (2008) Over land throughout the tropics year round and over continents in summer, quite strong negative correlations rule (Fig. 6 ). In these regions, the availability of moisture appears to be a key, so that conditions tend to be either cool and wet or hot and dry. This relationship comes about from the following. In cyclonic regimes, more storminess brings cloudy skies and rain or snow, less solar radiation, and more soil moisture. The limited energy available goes more into evaporating moisture and evaporative cooling of the surface and less into sensible heating, resulting in lower temperatures. In contrast, anticyclonic regimes favor clear skies, more solar radiation, less rain and soil moisture, and thus latent energy fluxes are limited by the moisture supply, while sensible heat fluxes increase along with higher temperatures. Such conditions can only occur over land. An example is the changes that have taken place over North America (Qian et al. 2007 ). Related factors on land include a strong diurnal cycle and a predominance of convective rainfalls. Recycling of moisture is more important in summer than winter (Trenberth 1999b ). However, given the right synoptic weather situation and time of day, severe convection and heavy rains can occur, with C-C effects playing a role. Hence on land, surface moisture effectively acts as an "air conditioner", as heat used for evaporation acts to moisten the air rather than warm it. An observed consequence of this partitioning is that summers, in particular, generally tend to be either warm and dry or cool and wet (Trenberth & Shea 2005) . 
e. Understanding model projections

Many insights have come from analysis of model results. A very robust finding in all
climate models with global warming is for an increase in potential evapotranspiration. In the absence of precipitation, this leads to increased risk of drought, as surface drying is enhanced. It also leads to increased risk of heat waves and wildfires in association with such droughts; because once the soil moisture is depleted, all of the heating goes toward raising temperatures and wilting plants.
Changes in intensity of precipitation have been explored in climate models which confirm expectations outlined here; e.g. in the ECHAM4/OPYC3 model (Semenov & Bengtsson 2002) and in the Hadley Centre model (Allen & Ingram 2002) . The increase in TCWV is consistent with the C-C relationship for changes in saturation specific humidity q s with temperature changes somewhat above the Earth's surface where they are larger than at the surface; in the tropics the saturation adiabatic lapse rate is largely responsible for this relationship. They also found that there was a much higher frequency of more intense precipitation events contributing to the total amount especially the frequency of events of more than 50 mm/day. Their findings are consistent with the expectations that with increases in TCWV with rising temperatures, moisture convergence in storms should be increased, and the resulting increase in latent heating can invigorate the storm and further increase moisture convergence. However, important feedbacks occur through changes in stability and changes in winds. (Fig. 7) . This is accompanied by decreased subtropical precipitation, although less so over Asia. Extratropical storm tracks are projected to move poleward (Yin 2005) , with consequent changes in wind, precipitation and temperature patterns, continuing the broad pattern of observed trends over the last half-century. Along with a poleward expansion of the subtropical high-pressure systems, this leads to a drying tendency in the subtropics that is especially pronounced at the higher-latitude margins of the subtropics. The predominant pattern here is one that exemplifies the "rich get richer and the poor get poorer" syndrome. At the same time that the intensity increases, the number of dry days also increases and soil moisture decreases in many places, including many areas where precipitation increases (Tebaldi et al. 2006; IPCC 2007) . These arise from the reduction in frequency of precipitation, the increases in intensity and runoff, and the increases in will likely become more intense, with larger peak wind speeds and more heavy precipitation associated with ongoing increases of tropical SSTs. Partly because an intense tropical cyclone takes heat out of the ocean and mixes the ocean, leaving behind a much stronger cold wake than a more modest storm, there may be fewer tropical cyclones as a whole. Possible increases in static stability also lead to fewer tropical cyclones. Nonetheless, increased risk of flooding is a likely outcome from land-falling tropical storms (Trenberth et al. 2007c ). Recent results with higher resolution climate models and downscaling methods suggest an increase in the strong category 4 and 5 storms in the Atlantic even as the total number decreases (Bender et al. 2010 ).
Future challenges
As can be seen from the above, finding out what is happening to precipitation and storms is Establishing what has happened to precipitation characteristics as well as how they are changing is essential for society.
Special issues include:
Intermittency: Most of the time it does not precipitate and seldom all day: most analyses are of daily means, but hourly values are needed both in observations and models.
Land vs ocean:
There are huge differences in water availability and important differences in how precipitation relates to temperature and is projected to change.
Normalization:
The C-C relationship suggests that rather than absolute values or a threshold exceedance, changes depend on the climatology and are better analyzed as a percent change. The percent per change in global mean surface temperature has been one metric, but perhaps temperatures at other levels, zonal means, or local values should be used.
Differences among datasets occur in all water related variables. The data are inherently messy owing to the intermittency of precipitation and small spatial scales, and the need is for high frequency sampling. Spatial scales vary from tornadoes to continental-scale droughts.
Substantial differences remain among ground-based and remote sensing observations. Often data are not available with right sampling. Extremes are inherently rare and therefore require a lot of data to obtain reliable results. (Lin et al. 2006) . These phenomena are very resolution dependent, but also depend on parameterizations of sub-grid scale convection, whose shortcomings are revealed by the diurnal cycle simulations; models produce precipitation that is too frequent and with insufficient intensity ( 
